Here, we report the development of a polyplex nanoparticle that selectively targets the cholecystokinin receptor on human pancreatic cancer and delivers small interfering RNAs specific to gastrin to block cancer cell growth in vitro and in vivo. One remarkable finding in our investigation was that this therapeutic approach completely prevented metastasis-the most common cause of death in this condition.
SUMMARY
Here, we report the development of a polyplex nanoparticle that selectively targets the cholecystokinin receptor on human pancreatic cancer and delivers small interfering RNAs specific to gastrin to block cancer cell growth in vitro and in vivo. One remarkable finding in our investigation was that this therapeutic approach completely prevented metastasis-the most common cause of death in this condition.
BACKGROUND & AIMS: Pancreatic ductal adenocarcinoma (PDAC) remains the most aggressive malignancy with the lowest 5-year survival rate of all cancers in part owing to the lack of tumor-specific therapy and the rapid metastatic nature of this cancer. The gastrointestinal peptide gastrin is a trophic peptide that stimulates growth of PDAC in an autocrine fashion by interaction with the cholecystokinin receptor that is overexpressed in this malignancy.
METHODS:
We developed a therapeutic novel polyplex nanoparticle (NP) that selectively targets the cholecystokinin receptor on PDAC. The NP was characterized in vitro and stability testing was performed in human blood. The effects of the target-specific NP loaded with gastrin small interfering RNA (siRNA) was compared with an untargeted NP and with an NP loaded with a scrambled siRNA in vitro and in 2 orthotopic models of PDAC. A polymerase chain reaction metastasis array examined differentially expressed genes from control tumors compared with tumors of mice treated with the targeted polyplex NP.
RESULTS:
The polyplex NP forms a micelle that safely delivers specific gastrin siRNA to the tumor without off-target toxicity. Consistent with these findings, cellular uptake was confirmed only with the targeted fluorescently labeled NP by confocal microscopy in vitro and by IVIS fluorescent based imaging in mice bearing orthotopic pancreatic cancers but not found with untargeted NPs. Tumor uptake and release of the gastrin siRNA NP was verified by decreased cellular gastrin gene expression by quantitative reverse-transcription polymerase chain reaction and peptide expression by immunohistochemistry. Growth of PDAC was inhibited in a dose-related fashion in cell culture and in vivo. The targeted NP therapy completely blocked tumor metastasis and altered tumor-specific genes.
CONCLUSIONS: Our polyplex nanoparticle platform establishes both a strong foundation for the development of receptortargeted therapeutics and a unique approach for the delivery of siRNA in vivo, thus warranting further exploration of this approach in other types of cancers. (Cell Mol Gastroenterol Hepatol 2018;6:17-32; https://doi.org/10.1016/j.jcmgh.2018.02.013) Keywords: CCK Receptor; Gene Therapy; Gastrin; Nanotechnology; Orthotopic. P ancreatic ductal adenocarcinoma (PDAC) has a dismal prognosis, 1, 2 and the current chemotherapeutic regimens provide a stagnant 5-year survival rate of only approximately 7%. 3 With the recent increase in the incidence of pancreatic cancer it is anticipated that this malignancy will surpass colon and breast cancer in the next decade to become the second leading cause of cancer-related deaths in the United States. 4 In this new era of precision medicine and genomic profiling, targeted therapies directed at cancer-specific receptors have improved the outcome of many recalcitrant cancers. 5, 6 Reasons for the poor outcome in pancreatic cancer includes its propensity to metastasize rapidly 1 and the lack of available targeted therapies. 6 We previously showed that pancreatic cancer overexpresses the cholecystokinin-B (CCK-B) receptor. 7 Although CCK-B receptors are present at a very low density in normal pancreas tissue, 8 their expression increases in early precancerous pancreatic intraepithelial neoplasia (PanIN) lesions of the pancreas 9 and becomes markedly overexpressed in cancer. 7, 8 Down-regulation of the CCK-B receptor in pancreatic cancer cells has been shown to reduce cancer cell proliferation, decrease DNA synthesis, induce cell-cycle arrest, increase apoptosis, and decrease cell migration. 10 CCK receptors also are expressed on pancreatic stellate cells, 11, 12 the cell responsible for the dense fibrosis in the pancreatic tumor microenvironment, 13, 14 and blockade of the CCK-B receptor in (Pdx1 [pancreatic and duodenal homeobox 1] promoter; Cre recombinase; Lox-Stop-Lox; G12D mutation results in an amino acid substitution at position 12 in KRAS [Kirsten rat sarcoma virus], from a glycine (G) to an aspartic acid [D]) Pdx1-Cre/LSL-Kras G12D transgenic mice halts progression of the precancerous PanIN lesions and also reverses the fibrosis. 9 Gastrin is the major ligand for the CCK-B receptor, 15 and gastrin stimulates the growth of pancreatic cancer in an autocrine fashion. 16 Although gastrin is expressed in the fetal pancreas, [17] [18] [19] its expression is turned off at week 14 of gestation and gastrin is not found in the normal adult human pancreas. 20 However, the gastrin peptide becomes re-expressed in precancerous pancreatic PanIN lesions, 21 and is expressed markedly in pancreatic cancer. 20 Downregulation of gastrin messenger RNA (mRNA) by RNA interference techniques inhibits growth and metastasis of human pancreatic cancer. 22, 23 These properties make gastrin mRNA and its receptor, the CCK-B receptor, ideal targets for cancer therapeutics. RNA interference is an effective tool for studying gene expression in vitro; however, applying this technique in the clinic has been challenging. Various vehicles have been attempted to transport small interfering RNA (siRNA) to tissues in vivo, although safe and effective delivery methods remain problematic.
Furthermore, drugs or molecules that target selective cancer cell membrane-associated receptors significantly improve efficacy and limit off-site toxicity.
Because the CCK-B receptor is overexpressed on PDAC, researchers have been trying to develop imaging strategies for CCK-B-receptor-positive cancers using 111 In-labeled-CCK 24 and 68 Ga-1,4,7,10-tetraazacyclododecane-1,4,7,10tetraacetic acid-minigastrin. 25 Currently, radiopeptide imaging with 111 In-minigastrin labeling to detect CCK-B receptors is established and in clinical use for medullary cancer (another cancer that expresses CCK-B receptors). 26 By using a similar maleimide coupling technique to target the CCK-B receptor as previously described, 27 we developed a polyplex nanoparticle (NP) that selectively targets the CCK-B receptor and serves as a target-specific vehicle to deliver gene therapy to inhibit growth and metastasis of PDAC. Biodegradable nontoxic nanoparticles that serve as vehicles to carry siRNA without off-target toxicity, such as the polyplex NP described in this work, have the potential to revolutionize cancer therapeutics.
Materials and Methods

Synthesis of the CCK-B-Receptor-Targeted Polyplex
The targeted polyplex was synthesized from gastrin-10 peptide conjugated poly (ethylene glycol)-block-poly (L-lysine) (Ga-polyethylene glycol [PEG]5k-PLL27) (5k indicates PEG molecular weight [MW] and 27 is the PLL degree of polymerization; termed Ga-PEG-PLL). Ga-PEG-PLL was synthesized from thiol functionalized PEG5K-PLL27 (sulfhydryl [SH]-PEG-PLL). Briefly, SH-PEG-PLL was synthesized from trityl-S-poly(ethylene glycol)-block-poly (Llysine) (Tr-S-PEG-PLL) (average MW, 9700 g/mol; PEG MW, 5000 g/mol; Tr-S-PEG-PLL: custom synthesized; Alamanda Polymers, Huntsville, AL) by reducing with trifluoroacetic acid and triethylsilane (98:2 vol/vol). Maleimide functionalized gastrin 10 peptide (3-maleimido-propionyl-Glu-Glu-Glu-Ala-Tyr-Gly-Trip-Met-Asp-Phe-NH 2 ; MW, 1426.48 g/ mole) (Ga-10) was conjugated to the resulting SH-PEG-PLL via Michael addition reaction at pH 7 in deoxygenated HEPES buffer (100 mmol/L) under an inert atmosphere. Next, the reaction mixture was dialyzed (Spectrapor [Rancho Dominguez, CA] RC membrane; MW cut off, 8-10 *Authors share co-first authorship.
Abbreviations used in this paper: CCK, cholecystokinin; Ex/Em, maximal excitation and emission wavelengths; Ga-10, gastrin 10 peptide; mRNA, messenger RNA; MW, molecular weight; N/P, ratio of "amines" of poly (L-lysine) unit and "phosphates" of siRNA complexed in the polyplex; NMR, nuclear magnetic resonance; NP, nanoparticle; PanIN, pancreatic intraepithelial neoplasia; PBS, phosphate-buffered saline; PDAC, pancreatic ductal adenocarcinoma; PEG, polyethylene glycol; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; siRNA, small interfering RNA. kilodaltons) overnight against deionized water to remove any salts or other reaction reagents, and lyophilized for 48 hours to obtain white dry Ga-PEG-PLL. The peptideconjugated polymer was purified further to remove any unreacted Ga-10 peptide using fast-phase liquid chromatography. Briefly, the fast-phase liquid chromatography system consisted of a UV detector set at l ¼ 220 nm, a size exclusion column (HiPrep 16/60 Sephacryl S-500 HR; GE Healthcare Life Sciences, Pittsburgh, PA), and a mobile phase consisting of sodium phosphate buffer (pH 7.0, 0.3 mol/L NaCl), at a flow rate of 1 mL/min. The isolated fraction corresponding to intact Ga-PEG-PLL was lyophilized and characterized. The synthesized Ga-PEG-PLL polymer was characterized by nuclear magnetic resonance ( 1 H NMR) (400 MHz) and gel permeation chromatography (Shimadzu, Columbia, MD) equipped with both UV (l ¼ 220 nm) and fluorescent detectors for detection of tryptophan (Ex/Em (Excitation (Ex) and emission (Em) wavelengths, l ¼ 280/350 nm) as a fluorescent marker, and a Shodex (New York, NY) Protein KW 403-4F (mobile phase: sodium phosphate buffer, pH 7.0 þ 0.3 mol/L NaCl, flow rate: 0.33 mL/min) (Shodex, Japan).
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Finally, the polyplex was prepared by mixing 1 mg/mL of polymer (Ga-PEG5K-PLL27) for targeted and PEG5K-PLL30 (27 and 30 indicate the number of lysine units in PLL) for untargeted polyplex with gastrin siRNA (GUGCUGAGGAU-GAGAACUA) (Invitrogen, Thermo Scientific, Waltham, MA) (19 mol phosphate/mol of siRNA) at the N/P ratio of 5 in 20 mmol/L HEPES buffered saline (pH 7.4), followed by a 30-minute incubation at room temperature to allow polyplex formation. The N/P molar ratios were calculated using moles of PEG-PLL primary amines to moles siRNA phosphates.
Characterization of the CCK-B-Receptor-Targeted Polyplex
The prepared targeted polyplex (Ga-PEG5K-PLL27) and untargeted polyplex (PEG5K-PLL30) were characterized for their hydrodynamic size distribution by dynamic light scattering using a S Nano Zetasizer (Malvern, Westborough, MA) with a low-volume quartz cuvette (b ¼ 10 mm, 25 C, 633-nm laser, 173 scattering angle). The physiological stability of the gastrin siRNA polyplex was evaluated in 90% fresh human serum. Polyplex were prepared from untargeted PEG-PLL polymers of varied PEG vs PLL lengths (PEG MW, 5K-20K; PLL, 30-100 lysine units) at the N/P ratio of 5 in HEPES buffered saline (pH 7.4). Briefly, the gastrin siRNA polyplex (1.5 mL) was mixed with 13.5 mL of fresh human serum (100%) at a final siRNA concentration of 6.7 mmol/L and incubated at 37 C with 5% CO 2 for various time points for up to 7 hours. At specific time points, the incubated samples were removed, serum nuclease activity was terminated, and samples were immediately frozen in liquid nitrogen and stored at -80 C. The integrity of the siRNA displaced from nanoparticles was analyzed by gel electrophoresis in 20% polyacrylamide gel performed at 140 volts for 1.5 hours, the siRNA bands were visualized under a UV transilluminator at 497 nm, and the image was captured with an equipped camera.
Gastrin siRNA Polyplex Effects on Human Pancreatic Cancer Cell Growth In Vitro
Human pancreatic cancer cells were cultured in appropriate media (RPMI for AsPC-1 and BxPC-3 cells, and DMEM for PANC-1 cells). For cell growth studies, 300,000 cells were plated onto each well of a 6-well tissue culture plate. Cells then were treated for 48 hours with phosphate-buffered saline (PBS) vehicle control, polyplex with scrambled siRNA, or polyplex with gastrin siRNA, at siRNA concentrations of 120, 240, or 480 nmol/L. Viable cell counts then were performed by the trypan blue exclusion technique.
To show that the siRNA polyplex indeed was taken up into the cytoplasm of the cancer cells, cancer cells were treated for 48 hours with either PBS (control) or Cy3-labeled siRNA (Dharmacon, Lafayette, CO) polyplex (240 or 480 nmol/L). Nuclei were stained with 4 0 ,6-diamidino-2-phenylindole. Images were taken with a 40Â objective on a Zeiss (San Diego, CA) (LSM-510) confocal Microscope.
RNA was extracted from pancreatic cancer cells (Qiagen Gaithersburg, MD) after treatment with PBS, scrambled RNA polyplex, or gastrin siRNA polyplex for 48 hours. Pancreatic cancer cells were treated with polyplex carrying gastrin siRNA at 120, 240, or 480 nmol/L, scrambled siRNA control polyplex, or PBS vehicle for 48 hours, and quantitative gastrin mRNA analysis was performed. RNA was extracted from treated cells and subjected to real-time quantitative reverse-transcription polymerase chain reaction (qRT-PCR) using SYBR Green (Life Technologies) and the following gastrin oligonucleotide primers: forward: 5'-GCCTCTCATCATCGAAGGCA-3' and reverse: 5'-GCCGAAGTCCATCCATCCAT-3', with glyceraldehyde-2-phosphate dehydrogenase as the internal control.
In addition to showing that the polyplex loaded with gastrin siRNA decreased gastrin mRNA, we also confirmed that the peptide was decreased by performing immunohistochemistry on pancreatic cancer cells treated with siRNAloaded polyplex compared with controls. A total of 150,000 cancer cells were plated onto round coverslips. The following day, cells were treated with 120, 240, or 480 nmol/L of gastrin siRNA polyplex and scrambled siRNA polyplex for 48 hours. The cells were washed, fixed, and incubated with a polyclonal gastrin antibody (1:1000; Peninsula Labs, Carlsbad, CA) overnight at 4 C, followed by incubation with a secondary goat anti-rabbit rhodaminelabeled antibody (1:200; Thermo Scientific) for 1 hour at room temperature in the dark. Coverslips were mounted with EverBrite hardset media with 4 0 ,6-diamidino-2-phenylindole (Biotium, Hayward, CA), and imaged by fluorescent microscopy using an Olympus (Center Valley, PA) IX-71 inverted epifluorescence microscope.
Effects of CCK-B-Receptor-Targeted Gastrin siRNA Polyplex Therapy on Growth and Metastasis of Pancreatic Cancer In Vivo
The next series of experiments were conducted using 2 human pancreatic cancer cell lines grown orthotopically in the pancreas of athymic nude mice. All animal studies were performed in an ethical fashion under a protocol approved by the Georgetown University Institutional Animal Care and Use Committee. In the orthotopic tumor experiments, each mouse received an inoculum of tumor cells (900,000 for BxPC-3 cells and 1 Â 10 6 for PANC-1 cancer cells) orthotopically into the pancreas with a 28-30G needle in a volume of 0.1 mL. Before the orthotopic injection of tumor cells, all mice were fully anesthetized with a mixture of ketamine-HCl (100 mg/kg) and zylazine (5 mg/kg) intraperitoneally or inhaled isoflurane 3% for induction and 0.25%-2% for maintenance. Incisions were treated with 1% lidocaine to minimize pain after surgery and staple suturing. Mice in each group were allowed to recover from surgery for 1 week. Because the tumors were orthotopic, we used cancer cells that had been transfected with luciferase for measurements and visualization. Seven days after tumor cell inoculation, all the mice were imaged and then placed randomly into 1 of 5 different treatment groups such that the mean tumor size by luciferase imaging was equal in all the groups at baseline. Animals then were treated 3 times per week (0.1 mL volume, intraperitoneally) with PBS vehicle control or 240 nmol/L (BxPC-3) or 480 nmol/L siRNA (PANC-1) of targeted gastrin siRNA polyplex (targeted siRNA), targeted scrambled siRNA control polyplex (targeted scrambled), untargeted gastrin siRNA polyplex (untargeted siRNA), or untargeted scrambled siRNA control polyplex (untargeted scrambled). One set of mice that was not used for the growth experimentation was allowed to let the orthotopic tumors grow for several weeks, then these mice were injected intraperitoneally with either CCK-B-receptor-targeted or -untargeted polyplex loaded with 240 nmol/L of fluorescent Cy3labeled gastrin siRNA (Dharmacon) and imaged immediately and again after 5 hours with the IVIS Lumina III In Vivo Optical Imaging System (Perkin Elmer, Bridgeville, PA) to determine if the targeted NPs increased delivery to the tumors.
Ten minutes before imaging, luciferin (Nanolight Technology, Pinetop, AZ) was administered to mice (using a 27 g needle intraperitoneally) at a concentration of 135 mg/kg in a volume of 100 mL. Tumor size was determined using software on an IVIS imaging system in the animal facility of the Georgetown University College of Medicine. Tumor volumes were measured by IVIS imaging weekly, and after 4 weeks of therapy for BxPC-3 tumors and 7 weeks for PANC-1 tumors, mice were euthanized, and tumors and metastases were dissected.
Tissue Analysis and Immunohistochemistry
Excised tumors were weighed and divided for study by flash-freezing tissues, and placing part in RNAlater (Ther-moFisher, Waltham, MA), and placing part in formalin. The number, size, and location of metastases also were recorded. Metastases were confirmed histologically by H&E staining in the core histopathology laboratory of Georgetown Lombardi Cancer center. For immunohistochemistry, tumors were sectioned from paraffin-embedded blocks (10 mm) and fixed on slides. Antigen retrieval was performed in citrate buffer (pH ¼ 6) and specimens were blocked with 3% peroxidase in Tris-buffered saline with Tween, then blocked with 10% normal goat serum in Tris-buffered saline with Tween for 10 minutes at room temperature. Tissue sections then were reacted with a polyclonal anti-goat gastrin antibody (T-4347; Peninsula Labs) at a titer of 1:200 at 4 C overnight and then reacted with a rabbit anti-goat horseradish peroxidase secondary antibody for 30 minutes at room temperature for BxPC-3 tumors. Analysis of gastrin immunoreactivity was performed by a technician blinded to the treatment using software by ImageJ (National Institutes of Health, Bethesda, MD). Immunoreactivity for Ki67 was performed with an anti-Ki67 antibody (NB600-1252; Novus Biological, Oceanside, CA) at a titer 1:100 at 4 C overnight, and then reacted with the rabbit anti-goat horseradish peroxidase secondary antibody for 30 minutes at room temperature. Manual Ki67 cell counts were performed in a blinded fashion with 5-8 low-power fields analyzed and averaged per group.
For gastrin mRNA analysis, poly-A RNA was extracted from PANC-1 tumors and subjected to qRT-PCR on an Applied Biosystems (Foster City, CA) Step-one plus Real-Time PCR System using fast cycling. The reaction was performed with SYBR Green (Life Technologies) and gastrin primers (as described earlier).
Metastasis Array Analysis
Metastases were counted and removed for histologic confirmation by H&E staining. RNA was extracted (RNeasy; Qiagen) from BxPC-3 primary control tumors and tumors from mice treated with targeted gastrin siRNA. RNAs were subjected to a PCR metastases array (PAHS-028Z; Qiagen) analysis following the protocol provided by the manufacturer. This array included 84 genes that encode several classes of protein factors including cell adhesion, extracellular matrix components, cell cycle, cell growth and A CCK-receptor-specific peptide, Ga-10, was conjugated to the SH-PEG-PLL block copolymer via a thiol-maleimide-coupling reaction. 1 H NMR of purified Ga-PEG-PLL indicates the presence of an aromatic proton (d, 7.5-6.8 ppm) from the Ga-10 peptide. (D) Both Ga-PEG-PLL and SH-PEG-PLL were assessed by gel permeation chromatography to confirm the Ga-10 conjugation to the polymer backbone using a Shodex protein KW 403-4F column using both fluorescence (Ex/Em: l¼ 280/350 nm) and UV detector (220 nm). Because of the presence of fluorescent tryptophan (Ex/Em: l¼ 280/350 nm) in the Ga-10 peptide, the target-specific polymer, Ga-PEG-PLL elution was strongly detected via fluorescent detector (D1), whereas the untargeted precursor, SH-PEG-PLL elution was barely detected (D2) at an identical polymer concentration. On the other hand, both targeted and untargeted polymers showed an identical elution profile and intensity via UV detector at 220 nm (D3 and D4). (E) Finally, the targeted polyplex was prepared by mixing the Ga-PEG-PLL with selective gastrin siRNA to form the polyplex micelle.
proliferation, apoptosis, transcription factors and regulators, and other genes related to tumor metastasis.
Statistical Analysis
Results were expressed as means ± SE and parametric analysis was performed when the results assumed a normal bell-shaped distribution. In this situation, analysis of variance and Student t tests were used to evaluate statistical significance with a P < .05 considered statistically significant. When the data were skewed, a nonparametric analysis was performed using either the Kruskal-Wallis or Mann-Whitney tests. RT-PCR results were expressed as a pairwise Student t tests on the normalized mean change in cycle threshold (the difference between the cycle count of the gene of interest minus the count of an endogenous control) values for each group according to the method of Livak and Schmittgen. 28 All authors had access to the study data and reviewed and approved the final manuscript.
Results
Synthesis of the CCK-B-Receptor-Targeted Polyplex Ga-PEG-PLL
Development of the targeted polyplex platform from a thiol functionalized polyethylene glycol-block-poly (L-lysine) (SH-PEG-PLL) is shown in Figure 1A . Grafting of PEG to the surface of the NPs extends their circulation lifetime and prevents interactions with the biological in vivo environment (ie, uptake into hematopoietic cells). 29 NPs, functionalized with PEG moieties, accumulate within solid tumors via the enhanced permeation retention effect. 30, 31 Although enhanced permeation retention serves as an effective passive targeting strategy, improved uptake and less off-target toxicity occurs when the NP can actively and selectively target receptor proteins on cancerous cells to deliver genes and agents.
Characterization of the untargeted thiol functionalized polymer by 1 H-NMR confirmed the NP molecular weight of approximately 9400 daltons. Trityl deprotection ( Figure 1B) and subsequent conjugation of Ga-10 polymer were confirmed by 1 H-NMR, which showed complete removal of the trityl group and more than 70% conjugation ( Figure 1C ), rendering the NPs target-specific to the CCK-B receptor. 27, 31 The conjugation of Ga-10 to the PEG-PLL polymer backbone was confirmed further by gel permeation chromatography using Ga-10-associated tryptophan fluorescence (e x /e m , 280/350) from the Ga-PEG-PLL polymer ( Figure 1D1 ). Untargeted polymer also was evaluated under identical conditions and no fluorescent peak was detected, indicating the absence of any peptide-associated fluorescent moiety in the polymer Figure 1D2 ). Both targeted and untargeted polymers showed identical elution profiles and intensity via UV detection at 220 nm ( Figures 1D3 and D4) .
The positively charged lysine polycation tail (PLL) of the Ga-PEG-PLL polymer allows for electrostatic complexation with negatively charged siRNA, and when mixed together with the siRNA in an aqueous solution, a self-assembled polyplex micelle forms owing to the amphiphilic nature of the block copolymer complexed siRNA ( Figure 1E ). This pegylated core-shell structured morphology shields the host from the polycationic charge that could induce off-target toxicity (which occurs commonly with cationic liposome formulations), and protects the siRNA from nucleasemediated degradation.
Characterization of the CCK-B-Receptor-Targeted Polyplex
Both the targeted and untargeted synthesized polyplex NPs were characterized for their hydrodynamic size by dynamic light scattering, with resulting size distributions of 44.3 ± 0.3 and 48.2 ± 0.3 nm for the targeted and untargeted polyplex, respectively (Figure 2A) , indicating that the addition of the Ga-10 moiety for targeting did not significantly increase the size of the NP. Nanoparticles are characteristically very small (<100 nm) and can penetrate the fenestrated vasculature and dense fibrotic microenvironment characteristic of pancreatic cancer. 32 To be clinically useful, siRNA delivery platforms also must be stable in human blood. Therefore, the physiological stability of the polyplex NP was compared with free siRNA in fresh human serum. The PEG-PLL polyplex encapsulating gastrin siRNA was protected efficiently from serum degradation for at least 7 hours, the last incubation time point ( Figure 2B ). In contrast, free siRNA was completely degraded within a few minutes of incubation and no nucleic acid band was detected at even the earliest incubation time point of 0.5 hours ( Figure 2C ). The siRNA size also was confirmed by gel electrophoresis and consistent with 19 bp ( Figure 2C ).
Effects of Polyplex on Pancreatic Cancer Growth in Cell Culture
Three different human PDAC cell lines were studied in vitro. All 3 cancer cells overexpress gastrin mRNA and peptide in varying amounts: AsPC-1 > BxPC-3 > PANC-1. 33 CCK-B receptors also are overexpressed on all of these cells (as determined by radioligand-receptor binding assays), ranging from PANC-1 with a binding capacity with a B max of 283 fmol/mg protein to BxPC-3 with a B max of 125 fmol/mg protein. 7, 20 The effects of gastrin siRNA-loaded polyplex NPs on the growth of pancreatic cancer cells were evaluated in vitro and compared with that of cells treated with a scrambled siRNA control. Polyplex NP complexed with the gastrin siRNA significantly reduced cellular proliferation compared with cancer cells treated with the nonselective scrambled siRNA-loaded polyplex in a dose-related fashion with the 480 nmol/L dose having the greatest inhibition ( Figure 3A ). To confirm that NPs are taken up into the cancer cells and release the siRNA, we fluorescently labeled the gastrin siRNA with the fluorophore Cy3 and imaged the cellular compartments by confocal microscopy; imaging confirmed localization of the fluorescently tagged gastrin siRNA in the cytoplasm ( Figure 3B) , with the greatest fluorescence observed at the higher (480 nmol/L) concentration of siRNA ( Figure 3B3 ). By using the 2 human PDAC cancer cell lines (AsPC-1 and BxPC-3) that express the greatest amount of gastrin, 22 we showed that treatment of these pancreatic cancer cells in culture with polyplex NP loaded with gastrin siRNA significantly decreased gastrin mRNA by qRT-PCR in a dose-responsive decrease in (480 nmol/L > 240 nmol/L > 120 nmol/L > PBS) compared with cells treated with NPs loaded with scrambled control siRNA ( Figure 3C1 and C2). To confirm delivery and release of the siRNA and its ability to prevent peptide translation, we analyzed gastrin peptide knockdown by immunofluorescence. The NP carrying gastrin siRNA significantly decreased in gastrin peptide compared with AsPC-1 or PANC-1 cancer cells treated with a scrambled siRNA control polyplex ( Figure 3D ). These data show that polyplex micelle nanoparticles are taken up into the cancer cells in vitro, and deliver the antigastrin siRNA payload, which then down-regulates expression of the gastrin peptide and subsequently cancer cell growth. Because the human cancer cells produce varying amounts of gastrin mRNA and peptide, our NP platform shows an efficient means for decreasing gastrin production and growth from a variety of pancreatic cancer cells.
Effects of CCK-B-Receptor-Targeted Polyplex on Growth and Metastases In Vivo
Because selective receptor targeting enhances delivery and uptake to tumors, we evaluated the effects of targeted gastrin siRNA polyplex NPs on pancreatic cancer growth in comparison with untargeted NPs in 2 unique murine orthotopic tumor models. There was no evidence of toxicity related to the NP therapy by histologic examination of uninvolved livers and all the mice gained weight equally in all groups (data not shown). In our animal models, we compared CCK-receptor-targeted specific polyplex NPs carrying gastrin siRNA gene therapy with that of 4 other control treatments: PBS, targeted NPs with scrambled siRNA, untargeted NPs with gastrin siRNA, and untargeted NPs with scrambled siRNA. The importance of these controls was to show that the selective receptor targeting of the NPs markedly improves tumor uptake and knockdown of the gene of interest (gastrin). In addition, we compared targeted specific NPs carrying the gastrin siRNA with targeted NPs carrying a scrambled siRNA control with the same nucleotide composition to show that both receptor targeting and selective mRNA down-regulation of a proliferative peptide are required to inhibit growth and metastasis of pancreatic cancer. The treatment of mice bearing human BxPC-3 tumors with 240 nmol/L of targetspecific NPs showed a decrease in final tumor weights ( Figure 4A ) compared with untargeted and control (PBStreated) mice, but these decreases did not reach statistical significance. Although the primary tumor mass was not statistically less, none of the BxPC-3 tumor-bearing mice treated with targeted gastrin loaded siRNA NPs had evidence of metastases. Therefore, to improve efficacy for primary tumor growth inhibition, we increased the NP dose to 480 nmol/L of gastrin siRNA in a second set of in vivo experiments with PANC-1 tumor-bearing mice. At this higher dose, PANC-1 primary tumor weights were indeed significantly smaller in the mice treated with the targeted siRNA polyplex NP compared with all of the other control treatment groups ( Figure 4B ). Similar to the BxPC-3, none of the mice bearing PANC-1 pancreatic cancer treated with the target-specific gastrin siRNA polyplex NP had evidence of metastatic disease. These in vivo experiments support the in vitro studies and show the dose-responsive effectiveness of the CCK-receptor-targeted nanoparticle polyplex to inhibit cancer growth. These in vivo studies are important because they show the ability of the targeted polyplex NP to inhibit metastases in 2 different models. The studies also show the efficient uptake of the NPs with CCK-receptor targeting and knockdown of the gene of interest: gastrin.
Although the primary tumor size of the BxPC-3 tumors were not statistically different from each other, the polyplex NPs still decreased gastrin expression and prevented metastases. Reasons for the significant decrease in the primary tumor weights of the PANC-1 orthotopic mice treated with the targeted antigastrin siRNA polyplex compared with the mice bearing BxPC-3 tumors may be related to the dosing. The polyplex dose was increased to 480 nmol/L 3 times per week in the PANC-1 mice compared with 240 nmol/L in the BxPC-3 mice. Perhaps a more frequent dosing schedule or a higher dose also significantly would have decreased the primary BxPC-3 tumor size. The amount of gastrin produced by BxPC-3 cells is higher than the amount produced by PANC-1 cells, 22 and the PANC-1 cancer cells have greater CCK-B-receptor density as determined by radioligand binding studies. 7 We previously showed that the inhibition of cancer cell growth in vivo was directly correlated to the efficiency and degree of the gastrin down-regulation by RNA interference. 7 For example, BxPC-3 gastrin-knockout stable clones with 75% gastrin mRNA down-regulation had slower growth rates, whereas those with 90% or more gastrin mRNA knockdown failed to grow tumors at all in mice. In the present investigation, some of the mice bearing BxPC-3 tumors treated with the CCK-B receptor targeted scrambled siRNA polyplex appeared to have smaller tumors, although this was not significant. Our rationale for this observation is that perhaps the target-specific polyplex may bind to the CCK-B receptors on the tumor cells and block endogenous gastrin binding, reducing signal transduction from gastrin produced in an autocrine fashion.
To confirm tumor uptake of the polyplex in vivo, we imaged BxPC-3 mice bearing pancreatic cancer orthotopic tumors after intraperitoneal injection of targeted or untargeted NPs loaded with Cy3-labeled gastrin siRNA using an IVIS Lumina III in Vivo Optical Imaging System. Imaging showed fluorescence localized only in the tumors after 5 hours of mice treated with the CCK-receptor-targeted polyplex NP and not the untargeted polyplex NP ( Figure 4C ). These data confirm that the polyplex NPs that were constructed to selectively target the CCK-B receptor were taken up and concentrated in the tumors that overexpress this receptor. Measurement of gastrin mRNA by qRT-PCR in the excised tumors confirmed that there was decreased gastrin gene expression only in the tumors of mice treated with targeted siRNA to gastrin ( Figure 4D ). Gastrin peptide was decreased significantly as confirmed by immunohistochemistry in tumors of animals treated with the targeted siRNA polyplex, thus supporting efficient gastrin siRNA delivery and subsequent protein downregulation ( Figures 4E1-E5) . Analysis of the immunohistochemical staining by densitometry confirmed that only tumors of mice treated with targeted gastrin siRNA polyplex had decreased peptide expression ( Figure 4E6) . The proliferative index, as determined by Ki67 immunohistochemical staining, also significantly was reduced only in the tumors of mice treated with the targeted siRNA polyplex ( Figures 4F1-I3 ) compared with controls, which correlates with the diminished gastrin expression observed in this treatment group. These in vivo results confirm that treatment with the CCK-receptor-targeted specific polyplex NP was an effective vehicle to deliver gastrin siRNA therapy to human pancreatic cancer and inhibit growth by downregulating the proliferative growth peptide gastrin.
Treatment With CCK-B-Receptor-Targeted Gastrin siRNA Polyplex Alters Metastasis Genes
One remarkable finding of this investigation was that none of the mice bearing BxPC-3 or PANC-1 orthotopic tumors, and treated with the targeted gastrin siRNA polyplex, had evidence of metastases. In both animal experiments, we found that metastases occurred in control mice treated with PBS, untargeted or targeted scrambled RNA, and untargeted siRNA, but no metastases were found in mice treated with the receptor-targeted polyplex NPs carrying the gastrin siRNA ( Figure 5A ). Control mice had histologically confirmed metastases to liver ( Figure 5B ), and mesenteric lymph nodes. To identify which metastatic genes showed altered expression with gastrin siRNA therapy and understand the potential mechanisms for the inhibition of metastasis with this NP platform, we performed an 84-gene tumor metastases PCR array on the excised primary tumors from mice treated with CCK-receptor-targeted gastrin siRNA and tumors of the control mice. Figure 5C shows a heat map of genes up-or down-regulated in tumors of mice treated with gastrin siRNA compared with control tumors. Table 1 shows the number and location of the metastases that were identified in the control mice. The fold change of specific metastatic genes that were significantly increased or decreased are shown in Figure 5D . The metastatic PCR array performed from tumors of control mice and mice treated with the target-specific polyplex carrying gastrin siRNA confirm that the polyplex had accumulated in the tumors and altered genes specifically related to decreased gastrin expression. The specific genes altered with targeted gastrin siRNA treatment are shown in Table 2 . The somatostatin-receptor gene, for example, was up-regulated nearly 7-fold in tumors of mice treated with the targeted gastrin siRNA, and this finding supports the fact that gastrin peptide expression was undeniably down-regulated in the tumors because the feedback loop for gastrin production is controlled through somatostatin. Several matrix metalloprotease (MMP) genes also were affected by the intratumoral reduction in gastrin peptide, such as MMP2 and MMP3, as well as the chemokine genes for chemokine receptor-2 and chemokine receptor-4. Pancreatic cancer is characterized by its dense fibrotic microenvironment, with macrophages and other immune cells that enable the cancer to evade immune surveillance. 13, 14, 34 CCK-B receptors also are localized on the pancreatic stellate cells 11, 12 (fibroblasts), and when stimulated by gastrin they are responsible for the collagen and fibrosis production in the pancreatic cancer microenvironment. 13, 14 Therefore, a reduction in gastrin would lead to increased metalloprotease activity and less fibrosis, which has been associated with decreased metastasis. 35 It is possible that our CCK-receptor-targeted NP also blocked activation of the cancer-associated fibroblasts and that may be one reason for the decreased metastases. We previously showed that if gastrin signaling at the CCK-B receptor was blocked with a CCK-receptor antagonist, that fibrosis and inflammation in the tumor microenvironment is decreased significantly. 9, 36 in part by interference with the CCK-B receptor on the pancreatic stellate cells or cancer-associated fibroblasts. Therefore, it is not surprising to find that the polyplex carrying gastrin siRNA to tumors also can alter genes associated with tumor fibrosis and inflammation.
We also found that the expression of the tumorsuppressor gene CDKN2A, cyclin-dependent kinase inhibitor 2A, was down-regulated significantly approximately 5-fold by treatment with polyplex delivering gastrin siRNA. Mutations in CDKN2A frequently are found in pancreatic cancer and their presence interferes with in the normal cellcycle regulation. We previously showed that knockdown of the CCK-B receptor resulted in cell-cycle arrest at the G0/G1 stage, perhaps one of the mechanisms by which gastrin promotes tumor growth is mediated through CDKN2A. These changes in known metastatic genes confirm that the targeted siRNA polyplex had selective antimetastatic properties, and also may help us understand the molecular interactions of gastrin-involved cancer growth and metastases. Tumor fibrosis was evaluated with Masson's trichrome staining ( Figure 5E ). A significant reduction in fibrosis was found in the tumors of mice treated with the targeted siRNA NP compared to control mice. Additional confirmation of the reduction in intratumoral fibrosis was confirmed by IHC to anti-SMAa ( Figure 5F ). Tumors of mice treated with the targeted gastrin siRNA exhibited less anti-SMAa immunoreactivity compared to PBS treated control mice.
Discussion
Cancer therapy can be markedly improved when cancerspecific receptors are identified and used to enhance ontarget delivery, reduce off-target exposure, and decrease systemic toxicity. Of all the solid tumors, pancreatic cancer has the poorest survival rate; one reason is that specific targets have not been identified. Our approach to this aggressive deadly cancer is novel in that we have developed a highly selective nanomedicine platform to deliver gene therapy specifically to the tumor to down-regulate a trophic gene: gastrin. These in vivo studies confirm that only the polyplex nanoparticles designed to selectively target the CCK-B receptor and deliver the gastrin siRNA were effective in decreasing the primary tumor size, and, remarkably, metastasis. Because the gastrin mRNA and peptide were decreased only in the tumors of mice treated with the CCK-B-receptor-targeted gastrin siRNA construct, these data confirm that the mechanism by which the polyplex NP inhibited growth was via selective targeting and uptake by the CCK-B receptor, and down-regulation of the growth peptide gastrin by specific (not scrambled) siRNA.
One of the extraordinary findings from this investigation was that the polyplex NPs completely prevented metastasis in both pancreatic cancer models. Most patients with pancreatic cancer die of metastatic disease; therefore, a compound that can halt metastasis could improve survival.
Although CCK-B receptors are found in some normal tissues at considerably lower density, such as gastric parietal cells, the cells possessing these receptors do not make the peptide gastrin, and hence no pharmacologic effect would be expected by uptake of gastrin siRNA. The ability to deliver siRNA to pancreatic cancer cells through CCK-B-receptor targeting with this NP platform suggests that this platform also may have utility for knockdown of other key stimulatory proteins by substituting, or even combining, with other siRNAs to increase efficacy. The CCK-B receptor also is overexpressed on other gastrointestinal malignancies, such as gastric and colon cancer, and other cancers including some lung cancers and medullary thyroid cancers, further increasing the potential utility of this construct.
Although very reliable methods have been developed to efficiently deliver siRNAs through lipid bilayers of eukaryotic cells in cell culture, there continues to be limitations to the in vivo use of these molecules. 37 Recent advances in cancer therapeutics have come with the evolution of nanoparticle formulations that serve as delivery platforms for gene therapy (eg, siRNAs). 38 Obstacles impairing the advancement of nanomedicine, and the efficient site-specific delivery of siRNAs by NPs, include degradation of the RNA payload by nucleases of the peripheral blood, 39, 40 nonspecific tissue uptake (off-target exposure), 41 lack of effective endosomal escape, 42 and rapid clearance by the mononuclear phagocytic system. 43 We have clearly shown that our polyplex NP can overcome all of these obstacles.
Several nanomedicines have been developed for cancer therapy, such as pegylated liposomal doxorubicin 44 (Doxil, Janssen, Titusville, NJ), which is used in breast cancer, ovarian cancer, myeloma, and acquired immune deficiency syndrome-related Kaposi's sarcoma. Liposomal encapsulation of chemotherapeutic agents such as doxorubicin 44 and gemcitabine 45 has been shown to decrease systemic-free drug exposure and associated cardiac toxicity. Cancerassociated receptors are ideal targets for therapeutics, 46 and other NPs recently have been developed that selectively target cancer receptors such as Her-2/neu, 47 epidermal growth factor receptors, 48 and transferrin receptors. 49 Some nanomedicine chemotherapies have been used to treat advanced pancreatic cancer. Abraxane (Celgene, Summit, NJ) is a 130-nm, albumin-bound, nanoparticle formulation of the legacy drug paclitaxel. 50 Combination therapy with gemcitabine and nab-paclitaxel in patients with advanced pancreatic cancer showed improved survival compared with gemcitabine alone 51 ; although the mean survival was still only 8.5 months. Another nanomedicine formulation, Onivyde (Ipsen Biopharmaceuticals, Inc, Basking Ridge, NJ), is a nanoliposomal irinotecan (a topoisomerase-I inhibitor) formulation that also has been tested in patients with advanced pancreatic cancer. 52 However, 65% of those treated with this therapy in a clinical study experienced at least 1 treatment-emergent adverse event categorized as grade 3 or higher, 52 and survival was not improved markedly. Unfortunately, none of these aforementioned chemotherapeutic nanomedicine preparations were actively targeted to receptors on pancreatic cancer, and none represented a substantial improvement compared with existing therapies with regard to efficacy or toxicity.
Actively targeted nanomedicines also currently are undergoing development for imaging and treatment of pancreatic cancer. For example, monoclonal antibody targeted quantum dots are being evaluated for pancreatic cancer localization. 53 Because the transferrin receptor is overexpressed in several cancers, including pancreatic cancer, transferrin has been used as a target of silica nanorods 54 and liposomal-based nanoparticles 55 for possible imaging. Other pancreatic cancer receptors under development for nanomedicine targeting are the apoferritin (an iron transport protein) 56 and insulin growth factor-1 receptors. 57 Because we can fluorescently label the polyplex CCK-B-receptor-targeted NPs, this strategy also could be used as a noninvasive means for imaging or earlier diagnosis. Our polyplex nanoparticle platform establishes a strong foundation for the development of CCK-receptor-targeted therapeutics and for further exploration of this strategy in other types of cancer. The NP formulation we used in this investigation can be modified to selectively target other tumor cell surface receptors to deliver siRNA or even therapeutics. In addition, more than one siRNA can be reacted to form the micelle polyplex NP to perhaps target other driver genes such as the untargetable mutant KRAS. Rarely is monotherapy used in cancer therapeutics today, therefore, one could consider combination therapy using this NP platform with standard chemotherapeutic regimens such as folinic acid, fluorouracil, irinotecan, and oxaliplatin or gemcitabine nab-paclitaxel to improve efficacy and survival. Although CCK receptors also are overexpressed in some lung cancers and other gastrointestinal malignancies, we focused our work on pancreatic cancer in this investigation because this disease has such a dismal prognosis and therapeutic options are limited. Having a theronostic NP that can be fluorescently labeled to localize small tumors (diagnostic) and also treat cancer (therapeutic) by decreasing primary tumor growth and metastasis could change the outcome of this devastating disease. TIMP2, tissue inhibitor of metalloproteinases 2; TSH: thyroid stimulating hormone receptor.
